• Extrapolation of the data from animals with experimentally induced endotoxin shock to the events in gram-negative shock in man has been difficult because of the differences in the hemodynamic, hematologic, and biochemical responses to endotoxin of some experimental species and of man. In addition, anesthesia can alter hemodynamic and biochemical variables (1) in experimental animals. Because the cardiovascular and bio-chemical changes induced in the primate by endotoxin are thought to be similar to those in man (2), we have used a technique (3) that allows blood sampling and measuring of hemodynamic responses in unanesthetized primates to investigate the changes in the cardiovascular system and the relationship of them to biochemical abnormalities during endotoxin shock.
The pathogenesis of endotoxin shock has not been completely defined. The hemodynamic effects of endotoxin are thought to be due to the release of substances that initially decrease systemic arterial resistance, increase venous tone, and directly or reflexly increase cardiac output. This combination of cardiovascular events also occurs during the carcinoid flush, which is mediated in part by kinins (4) . In addition, infusion of kinins in man will produce all the cardiovascular
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changes characteristic of the early phase of endotoxin shock (5) . Therefore, we have investigated: (1) the cardiovascular alterations in unanesthetized rhesus monkeys 1 infused with Escherichia coli or Pseudomonas pseudomaUei endotoxin; 2 (2) kinin production during the shock period; and (3) the source and mechanism of kinin production.
Experimental

Methods
Preparation.-Male monkeys iDonated by the National Center for Primate Biology, University of California. 2 Supplied by Dr. M. S. Redfearn of the University of California.
(Macaca mulatto), 3.1 to 10.0 kg, were restrained in a primate chair as described by Forsyth and Rosenblum (3) . The chair was modified to allow tilting and was mounted in a sound-protected booth, which remained closed during the experiments. At least one week prior to an experiment, we placed polyvinyl catheters in the right atrium and abdominal aorta through the external iliac vessels and maintained patency of each catheter by hourly infusions of 2 ml of 0.9% NaCl containing 10 USP units of heparin. E. coli endotoxin (0127 B8 Difco 3880) (9.0 to 12.5 mg/ kg) in a concentration of 1 mg/ml saline, or 0.2 to 0.3 mg/kg purified P. pseudomallei endotoxin in 40 ml saline, or 10 ml/kg 0.9% NaCl alone, was infused intravenously over 30 to 40 minutes with a Harvard infusion pump. The solution of E. coli endotoxin was prepared by shak-
Procedure and
Monkey no. ing with sterile normal saline for 18 hours at room temperature, centrifuging the resulting suspension at 1,000 X g for 20 minutes and then decanting the supernatant fluid; the latter was refrigerated until used. Table 1 summarizes the animals' weights, doses used, and outcome of the experiments.
Systemic arterial and right atrial pressures (measured with P23Gb Statham strain gauges), electrocardiogram, and heart rate were continuously recorded with a Type R Beckman recorder. Skin and rectal temperatures were measured with thermistors.
H Respiratory rate was counted from the respiratory variations in the venous pressure waves. Cardiac output was determined intermittently by a modification of the method of Hamilton and co-workers (6) using indocyanine green dye and a Waters X 301 densitometer; the withdrawn blood was immediately reinfused after the curve had been recorded. Each cardiac output was calculated from the mean of at least two dye curves. Total peripheral resistance was calculated by dividing mean arterial pressure (mm Hg) by cardiac output (liters/minute). Blood was sampled at 0, 15, and 45 minutes, 2, 6, and 24 hours, and in some cases 1 and 3 hours after beginning the infusion. Arterial Pco 2 , pH, and Po 2 were measured with Radiometer microelectrodes at 38° C. Lightly heparinized arterial blood was used for complete blood counts.
All but two of the endotoxin-infused animals were tilted from a sitting to a supine position when mean arterial pressures fell sharply or reached 50 mm Hg or less, between 15 and 80 minutes after the start of the infusion. Salineinfused monkeys were tilted to the supine position at similar time intervals. Two endotoxininfused and 1 saline-infused monkey were placed in the supine position 1 to 2 hours prior to starting the infusion and remained supine for the entire experiment.
Chemical Methods.-Plasma, bradykininogen was determined by the method of Diniz and Carvalho (7) . Plasma kininase activity was assayed by determining the rate of disappearance of 10 ^ig of synthetic bradykinin 4 incubated with 0.1 ml of plasma and 1.8 ml of 0.1 M Tris buffer at pH 7.4; 0.2-ml aliquots of the incubation mixture taken at 30 seconds, 10 minutes, and 20 minutes were inactivated with 1.8 ml of 0.2% acetic acid and 5 ml of boiling ethanol, and the mixture was flash-evaporated to dryness at 37°C. The residue was reconstituted with saline to a volume of 2.0 ml, and the remaining bradykinin bioassayed using the estrus rat uterus. The reproducibility of the kininase assay was determined by making eight kininase measurements on a sample of normal monkey blood and comparing the first result to the subsequent seven. The mean of the eight measurements was 99% of the first with an SD of 5.0%.
Kinin concentration in whole blood was measured by a major modification of the method of Webster and Gilmore (8) . Five milliliters of blood were drawn into a plastic syringe containing 10 ml of 0.5 M perchloric acid. The resulting mixture was centrifuged at 3,500 X g at 0°C for 20 minutes. The supernatant fluid was adjusted to pH 7.5 with 2 N KOH and spun again at 3,500 X g at 0°C for 10 minutes. The supemate was added to 5 ml of de-ionized water, acidified to pH 5.4 with HC1, and then passed over an ion exchange resin (IRC-50-H+ form) (0.6x1.5 cm at 4°C), which had been allowed to settle overnight with 0.05 M ammonium acetate (pH 5.4). The column was washed widi 15 ml of 
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0.1 M ammonium phosphate buffer (pH 6.6), and the peptide was eluted with 3.0 ml of 0.5 M sodium chloride-0.5 M ammonium formate (pH 9.0) followed by 3.0 ml of 0.25 M sodium chloride-0.25 M ammonium formate (pH 8.8).
The eluate was adjusted to pH 7.5 with HC1 and bioassayed for kinin using the isolated estrus rat uterus. For each animal a known amount of synthetic bradykinin was added to one sample for calculation of the percentage of recovery (usually from 60 to 85%). This method allows separation of kinin peptides from more alkaline amines. Incubating the eluate with chymotrypsin and trypsin showed that no other vasoactive peptides were present. Alpha-glucosidase, a lysosomal enzyme, was measured in 0.2-ml aliquots of heparinized plasma by the method of Williams (9) .
Results
Cardiovascular Alterations.--The monkeys
are divided into three groups: (1) 13 that received only saline, all of which lived, (2) 4 that received endotoxin and lived more than 72 hours, and (3) 14 that received endotoxin and died within 50 hours. The heart rate, mean arterial pressure (FA), cardiac output, and total systemic peripheral resistance, expressed as percentage of control values, are recorded in Figure 1 . Mean control values ±SD for a number of variables are included in Tables 2 and 3 . These data agree with normal values found by others (10, 11) , except that our monkeys had a higher heart rate and lower hematocrit.
The control animals had no significant changes in cardiovascular variables throughout the 24 hours. After 20 minutes of endotoxin infusion, the experimental monkeys had significantly lower mean blood pressure. There was an early transient decrease in cardiac output, but the decline in PA was due primarily to a decrease in peripheral resistance (P<.01, Mann-Whitney U test) (12) . Both groups that received endotoxin demonstrated progressive decreases in resistance. The major differences between the animals that lived and those that died appeared to be that those that lived had a smaller decrease in resistance and a greater increase in cardiac output and heart rate. These differences were not statistically significant. The cardiac output measured in two of the four surviving animals 2 and 3 weeks after the experiment was still two to three times higher than during pre-experimental periods. The animals placed supine prior to the endotoxin infusion had cardiovascular, hematologic, and chemical responses essentially identical to the mean of the other experimental monkeys. P02 and pH remained remarkably constant throughout all experiments. The Pco 2 fell early (within 45 minutes) in endotoxin-treated monkeys, all of whose respiratory rates increased significantly (P < .01) compared to the control group. Body temperature of endotoxintreated monkeys sometimes increased early in the experimental period, but it consistently decreased to subnormal levels as shock developed (Table 3) .
Kinin Production during Hypotension.-In endotoxin-treated animals the changes in total peripheral vascular resistance at 15 and 45 minutes, and 1 and 2 hours, were associated with significant (P < .01) increases in kinin concentration in whole blood ( Table 4) . The blood of control animals never contained measurable amounts of kinin. The monkeys that died had both greater drops in peripheral resistance and more kinin at 1, 2, 3, and 6 hours than the monkeys that lived, although these differences were not statistically significant. The Pearson product-moment correlation between blood kinin levels (when they were more than 0) and total peripheral resistance during the first 2 hours after the start of the endotoxin infusion was -.45, significant at the .01 level. Representative examples of the relationships between the appearance of kinin in the blood and the changes in arterial pressure and peripheral resistance are shown in Figure 2 . In general, a close relationship existed except in monkey 14, whose resistance initially rose, then declined to near control at 90 and 120 minutes. This animal was the only endotoxin-treated monkey that did not have an increase in kinin during the early phase of shock (Fig. 3) . Table 1 .) C = Received saline alone (all monkeys lived) (N = 13).
tMean values are given with standard deviation in parentheses.
When compared to control animals, kininogen levels were significantly lower (P < .05) in endotoxin-treated monkeys from 45 minutes through 24 hours. The monkeys that died usually had less kininogen in their blood at 15 and 45 minutes and 1, 2, 6, and 24 hours than did those that lived (Fig. 4) . 
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Changes in mean arterial pressure, total peripheral resistance, and whole blood kinin concentration in numkey 14, which had no early faU in total peripheral resistance.
Other Chemical Changes.-At 2 through 24 hours, the plasma level of the lysosomal enzyme a-glucosidase in the monkeys receiving endotoxin increased significantly (P < .05) compared to controls (Fig. 5) . In some animals there was an early peak by 2 hours with a higher level reached at 6 to 24 hours. Plasma kininase activity in the animals that died increased approximately in parallel with the a-glucosidase. Those animals that lived and the control animals showed only minor changes in plasma kininase. 
FIGURE 4
Mean kininogen levels and whole blood kinin levels (± SEM) in the three experimental groups after the start of endotoxin or saline infusion. 
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•Absent kinin measurements on monkeys 2 and 3 and missing TPR values on some animals were due to equipment malfunctions.
Hematologic Changes.-The only consistent hematological finding after endotoxin infusion was a profound drop in polymorphonuclear neutrophilic granulocytes to 1.5$ of control in the animals that died and 19* in the animals that lived. The neutropenia was greatest withCirc*t*iio» Rtsetrcb, Vol. XXII, Ptbruary 1968 in 15 minutes. Those animals that died had a depressed number of granulocytes for more than 6 hours, whereas a granulocytosis with a shift to the left appeared within 6 hours in those that lived (Fig. 5 ). An unidentified pyrogen in saline produced a mild granulo- 
FIGURE 5
Polymorphonuclear neutrophilic granxdocytes, plasma a-glucosidase activity, and plasma kininase activity as percent of zero time sample in the three experimental groups after beginning endotoxin or saline infusion. cytopenia followed by granulocytosis and fever in some control animals. There were no significant endotoxin-induced changes in circulating numbers of lymphocytes or platelets.
Behavioral Changes.-Behavioral observations of some of the monkeys receiving endotoxin indicated that they felt little distress during the experiments. The experimental monkeys often became comatose during periods of acute shock, but they regained consciousness after being tilted to a horizontal position. The monkeys did not emit vocalizations characteristic of their response to pain. However, the control monkeys characteristically did show excitement and evidence of being hungry and thirsty after being tilted for the 24-hour period.
Discussion
The pattern of cardiovascular changes in our unanesthetized monkeys differs considerably from events recorded in other commonly used species (2) in which localized pooling of blood occurs and cardiac output decreases, and in animals whose normal circulatory reflexes are blunted by anesthesia (1). Endotoxin shock in the unanesthetized monkeys closely resembles gram-negative bacteremia with shock in humans (13) . We noted two distinct phases of cardiovascular events in monkeys. The first was characterized by a marked decrease in total peripheral resistance, increase in heart rate, a slightly lowered cardiac output, and possible pooling in some undefined area of the microcirculation (14) . The second distinct phase included some increase in peripheral resistance and depressed cardiac output before death. Our results suggest, but do not prove, that the initial phase determines the presence and severity of the preterminal phase. That kinin concentration doe's not increase in the second phase supports the thesis that each phase is caused by a different combination of chemical mediators. These include kinin and probably histamine in the first phase (15) and catecholamines in the late phase (16) .
The low peripheral vascular resistance during shock in the monkey was associated with a significant increase in the kinin concentration in whole blood. These peptides, the most potent endogenous vasodilators known, can produce significant decreases in peripheral vascular resistance and reflex increases in venous tone (thus contributing to pooling in the affected microcirculation) at concentrations well below those found in the primate during endotoxin infusion (4, 5) . Despite the brief half-life of circulating kinins (approximately 30 sec) (17), concentrations were elevated for more than 2 hours. A corresponding decrease in kininogen (the speciesspecific «2-globulin precursor of kinins) also indicated that large quantities of kinin were being produced continuously.
We have found that in the rhesus monkey a kinin level of 6 to 7 ng/ml is associated with a decrease in mean arterial pressure of 20 mm Hg and an increase in heart rate of 50 beats/ minute; a kinin level of 11 ng/ml corresponds to a decrease of 40 mm Hg and an increase of 75 beats/minute.
Evidence that kinins may have an essential role in the early phase of shock is that: (1) the initial increase in kinin rose concomitantly with (Figures 1 and 2 and Table 4 ) or slightly preceded the decrease in peripheral vascular resistance; (2) concentrations detected were sufficient to cause cardiovascular changes observed; (3) the initial decrease in blood pressure was caused almost exclusively by decreased peripheral vascular resistance, which would be expected if kinins were playing a pathogenetic role; (4) when the peripheral vascular resistance failed to decrease in one monkey (Fig. 3) , no kinin was detected. In addition, kinin production may influence the later phase of shock because kinin concentrations and kininogen depletion in the monkeys that died were generally greater than in those that survived. Specific blockade of kinin production or effect will be necessary to establish their exact role in endotoxin shock.
The present study may provide a clue to the mechanism of kinin production in the primate. Kinins are formed by the action of an enzyme, kallikrein, on kininogen. KaUikrein is found in an inactive form in plasma and the exocrine glands (18) . Kallikrein or a kallikrein activator is also present in granulocytes (19) . Kinins could be produced either by endotoxin interaction with circulating granulocytes or endotoxin-induced activation of the plasma kallikrein system. Despite the profound granulocytopenia that occurred early in endotoxin infusion and the known in vitro release of alpha-glucosidase and kininase from granulocytes by endotoxin, we suspect that the kinins came from the plasma because increases in plasma a-glucosidase and kininase occurred 1 to 2 hours after the initial increase in kinin concentration. It is possible to infuse endotoxin in monkeys with severe granulocytopenia (induced by nitrogen mustard) to test this point, but these animals become quite debilitated after administration of niCitcuUtion Ruetrch, Vol. XXII, Fsbruiry 1968 trogen mustard, which has actions other than depression of granulocyte formation. Although the response of such granulocytopenic animals to endotoxin cannot be considered typical, in at least one of these experiments the cardiovascular phenomena and kinin rise were characteristic of nongranulocytopenic animals. Although granulocytes may not be exclusive or even major producers of kinin following endotoxin infusion, they may contribute to modification of the cardiovascular events in endotoxemia. In addition, after 1 to 2 hours the kininase from granulocytes may limit the concentrations of plasma kinin.
At least two mechanisms may be involved in the activation of the plasma kallikrein system by endotoxin. Endotoxin may damage platelets (20) or directly activate the Hageman factor, or the plasma clotting that results could initiate the activation of plasma kallikrein (21) . However, in the primate there seems to be no consistent change in blood platelet count (22) and no intravascular clotting although clotting factors have not been measured.
A more likely mechanism for the activation of plasma kallikrein is the presence of endotoxin-antibody complexes. Antigen-antibody aggregates are known to release kinin from guinea-pig serum under certain circumstances (23) . Because antibody to endotoxin is universal (24) , and because antibody titers may predetermine the effects of endotoxin, an antibody-antigen complex could form after administration of endotoxin, which would in turn activate kallikrein. The result would be a very early rise in kinin concentration. The kinin once formed could then not only act directly on the circulation, causing decreased peripheral vascular resistance and hypotension, but it could also trigger release of other substances known to be present in endotoxin shock (i.e., histamine [15] and catecholamines [16] ) which would then modify the cardiovascular events.
Whether kinin formation precedes or follows the release of histamine after endotoxin infusion has not been determined.
We postulate the following model for en-dotoxin-ldnin changes: endotoxin interacts with plasma in an as yet undefined manner to activate plasma kallikrein and release kinin, which produces the decreased peripheral vascular resistance characteristic of the early phase of endotoxin shock. Endotoxin also interacts with granulocytes to cause granulocytopenia and then a release of their intracellular enzymes, probably including kallikrein. Kinin is destroyed by plasma and granulocyte kintnase, and the shock is perhaps continued by other vasoactive agents released in part by ldnins.
